Recent years, the number of nuclear families is rapidly growing. So the development of a human-friendly-robot which can take care of human daily life is strongly desired. This robot has to work just like a human, so, it is needed to have a dexterous soft hand in the robot. Therefore, we have developed an artificial soft gripper. This robot hand which has five fingers is made of silicone rubber. We also developed the hand which could be used to achieve several works just like a human hand. For example, it can grasp some objects that have the different shape and stiffness. Since it is made of silicone rubber, there is little damage to the object. However, the finger could not generate a larger force, less than 3N. In addition, it needs a skill and time to make the finger. In this study, we proposed and tested a bending actuator that could be easily constructed by putting the McKibben artificial muscle into the flexible tube. We also investigated the generated force and bending angle of the actuator. As a result, the generated force of the actuator was improved about 8.5 times as large as previous one. We also improved the bending actuator by changing the tube and the slit of the flexible tube. And the analytical model for the bending actuator was proposed and the calculated results were compared with the experimental ones.
Introduction
Recently, with rapidly growing number of nuclear families, the homes which only have the senior married couple and elderly person who lives alone are increasing. So the robots which can provide several human services such as the support and the nursing care of the elderly person have been developed (1) ～ (4) . This robot has to do works just like human, so it is needed to have a dexterous soft hand in the robot. There are some studies on such a soft hand (5)~ (7) . We also have developed an artificial soft gripper and a soft hand in our laboratory (8) . This robot hand which has five fingers (soft gripper) is made of silicone rubber. We can use this hand to achieve several works just like human hand. For example, it can grasp some objects that have the different shape and stiffness. Since it is made of silicone rubber, there is little damage to the object. However, it takes longer time to produce the gripper and it needs some skill. In addition, the generated force of the gripper is not so large, less than 3N. This is smaller compared with the human finger's force of 15N.
In this paper, we proposed and tested a bending actuator that could be easily constructed by putting the McKibben artificial muscle into the flexible tube. We investigated the generated force and bending angle of the actuator. We also investigated how the generated force and bending angle are influenced by changing the tube and the slit of the flexible tube surface. And we proposed an analytical model for the bending actuator to predict the generated force and the bending angle.
Soft gripper
The structure of the soft gripper is illustrated in Fig.1 . The soft gripper is made of silicone rubber (DOW CORNING Co., Ltd.: RTV-4168). The size of the gripper is 70 mm in length and 12 mm in width. The soft gripper consists of a chamber, a thin plastic sheet in the lower rubber of the gripper which resists the deformations of the lower part in the axial direction, a supply port fixed by three bands and a tube for feeding the air. The chamber is reinforced with fiber in a circular direction to resist radial deformations. The operating principle is as follows: when the chamber of the gripper is pressurized, the gripper bends in axial fiber-reinforced direction. When the air in a chamber is exhausted, the gripper returns to the original shape by the rubber elasticity (8) .
The generated force of the soft gripper was measured. The generated force is defined as a force at the tip of the gripper as shown in Fig.2 (a) . Figure 2 (b) shows the relation between the input pressure and the generated force. When the gripper is pressurized from 0 to 400kPa, the generated force increases linearly and the maximum generated force is about 2.3N at the input pressure of 400kPa. However, it takes several days to produce it and it needs some human skill. 
Tested bending actuator

Structure of the actuator
In order to reduce the production time of the soft gripper, we proposed and developed the new bending actuator as shown in Fig.3 (a) which can be produced more easily and can generate higher force than the soft gripper (9) . The tested bending actuator makes use of the flexible tube on the market. The size of the tube is 150mm in length, 12mm in inner diameter and 18mm in outer diameter. The flexible tube is slit with a ditch of 4mm, a pitch of 7mm and 2/3 depth of the tube diameter. Then we put the McKibben artificial muscle (the outer diameter is 10mm) in it. If we want to change the specification of the actuator, we can exchange only the outer flexible tube of actuator without changing the inner McKibben artificial muscle. The tested bending actuator can be easily exchanged and detached for other use as shown in Fig.3 (b) . The lower picture in Fig.3 (b) shows the tested Mckibben artificial muscle and its components. Also, because the McKibben artificial muscle has a cap and connector with a larger diameter than that of the outer tube, it prevents that the McKibben muscle will be out of place when the actuator is pressurized. The structure of the actuator is very simple, moreover we can produce it for about one hour by using a connector and a tube on the market. Figure 4 shows the operating principle of the tested actuator. The operating principle is as follows: when the McKibben artificial muscle is pressurized, the muscle is expanded in radial direction. The muscle is also contracted about 25% of the nature length in axial direction. Then the actuator bends forward the axial surface-cut direction.
(a) View of tested actuator (b) Components of tested actuator Figure 5 shows the relation between the input pressure and the generated force of the tested bending actuator with various pitch ratios. In the experiment, we define that the pitch ratio is the ratio of the longitudinal length of slit part (bending part shown in Fig.3 (a) ) to the whole length of the tube. The definition of the generated force is the same in Fig.2 (a) . In Fig.5 , the symbols ♦, ■, ▲ and • shows the generated force for the case of 70%, 50%, 30% and 25% of the pitch ratio, respectively. It can be seen that the generated force increases according to the input pressure. But it becomes lower as the pitch ratio of the flexible tube increases. This is because that the stiffness of the tube becomes lower as the ditch of the tube increases.
Characteristics of the tested bending actuator
In this study, the bending angle α is defined as the angle between the vector of the tip of the actuator and the root vector as shown in Fig. 6 . Figure 7 shows the relation between the input pressure and the bending angle of the tested actuator. It can be seen that the bending angle becomes higher when the pitch ratio of the flexible tube becomes larger. This is because that the stiffness of the tube becomes lower as the pitch ratio increase. From Fig.5 and 7, it is found that the highest generated force is 23N and the largest bending angle is 116 deg. The generated force was improved about 8.5 times compared with the previous soft gripper. As a result of these experiments, we concluded that the case of 70% pitch ratio of the flexible actuator is the best from the view point of getting the large bending angle. Then we call it "prototype" in this paper. However, this tested bending actuator (prototype) has a little larger outer diameter compared with that of a human finger. In order to apply the tested bending actuator for the human robot hand, the actuator with smaller outer diameter is required. 
Analytical model
When we design the bending actuator, we need a theoretical analysis to predict the property of the actuator. In this paper, we propose a simple analytical model that can describe the generated force and the bending angle directly by the equation. This formulation is easier to calculate and understand the influence of the geometrical and material parameters on the characteristics of the actuator compared with the FEM analysis. Figure 8 shows the whole analytical model of the bending actuator. For the tube of the bending actuator, we consider as follows. The part of being cut off is elastic and other part is not elastic. In Fig. 8 , ℓ is the length of a single elastic part and ℓ 0 is the length of a single plastic part. The analytical model of a single elastic part is shown in Fig.9 . This is the beam that the bending moment F・r is acted on the tip of the beam. The deflection of the beam v can be expressed by Eq. (1).
Tube and McKibben artificial muscle
Where r is the distance between the center of the artificial muscle and the center of elastic part, F is the force generated by the artificial muscle, E is the elastic modulus (Young's modulus) and I is the moment of inertia of area. In Fig.9 , we obtain the following equations from the geometrical relationship.
Where R is the radius of curvature and θ is the bending angle of a single elastic part. 
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By assuming that θ is small and using the approximation, cosθ ≑ 1-θ 2 /2, Eq. (3) can be expressed by Eq. (5).
From Eq. (1), Eq. (4) and Eq. (5), we obtain the following equation.
Next, for the whole actuator, considering n as a number of cut-off part, X as a contracting displacement of whole actuator, and α as a bending angle of whole actuator, we can obtain the following equations.
Substituting Eq. (7) into Eq. (6), the generated force F is given by Eq.(9).
Where, L e is the sum of length of the cut-off part (9) is the relationship between X (the contracting displacement of whole actuator) and F (the force applied to the tube, which is the force generated by the artificial muscle). In the right side of Eq. (9), EI/(r 2 L e ) represents the tube's stiffness. As L e becomes longer, the stiffness becomes lower. From Eq. (4), (7) and (8), we can obtain Eq. (10), which represents the relationship between bending angle α and the total contracting displacement X.
Next, the generated force of the actuator Q is expressed by the following equation. This can be derived by equating the deflection of a beam with length L e caused by the moment F・r with the deflection caused by the concentrated force on a beam tip as shown in Fig.10 .
We use the following expression proposed by Chou (10) formulating a property of a
McKibben artificial muscle.
Where K g is the stiffness of per unit pressure, P a is P th -K P /K g , L is the length of the artificial muscle, L m is theoretically minimum length of artificial muscle, F a is K P (L m -L 0 ), P th is the threshold pressure when the artificial muscle is beginning to expand, K P is the equivalent elastic coefficient, and L 0 is original length of the artificial muscle. Eq. (12) can be expressed by using contraction rate ε.
Using the experimental results, we can identify the value of coefficient as follows. K g is 0.0053mm, P a is -116kPa, L m is 80mm, and F a is -39N. Then, we can calculate the generated force of the artificial muscle, which is shown in Fig.11 . The calculated results agree well with the experimental ones except for lower input pressure (100kPa). This is because that we determined the value of coefficient by taking account of results at higher input pressure. As we can see in Fig. 5 , the generated force of the actuator is almost zero when the input pressure is less than 100kPa. 
Tested bending actuator
Characteristics of the bending actuator can be obtained as an intersection between the tube characteristics given by Eq. (14) and the characterisitics of the artificial muscle given by Eq. 
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Vol. 6, No. 2, 2012 From above equations, it can be understood easily that the generated force Q becomes small and bending angle α becomes large when the length L e (related to the pitch ratio) becomes longer. Thus, the generated force Q and the bending angle α can be predicted by Eq. (15) and Eq. (16) for the applied pressure P to the bending actuator.
Comparison with experimental results
In order to confirm the usability of the proposed model, we compared the calculated angle α with the experimental one. The calculated results using Eq.(16) and the experimental results of bending angle α are shown in Fig.12 . In the calculation, the center distance r of 7.5mm is used in consideration of the tube with the outer diameter of 18mm and the inner diameter of 12mm. The sum of length of the cut-off part L e for each pitch ratio is shown in Table 1 . In addition, the value of EI is 0.0056N・m 2 . The calculation was done for the case of input pressure of more than 100kPaG, because the system parameters of the model were indentified in the case of higher input pressure. Figure 12 shows the relation between input pressure and bending angle. In Fig.12 , each line shows the calculated result and each symbol shows the experimental result. We can see that the calculated results using the identified parameter and the analytical model agree well with the experimental ones. In the calculation, EI of 0. As the comparison of the generated force Q, Fig.13 shows the calculated results using the model and experimental results of the generated force. From Fig.13 , we can see that the calculated results do not agree well with the experimental results. The reason of the error between experimental and calculated result is not clear now. However, this error might be caused by the longitudinal deformation and nonlinear deformation of the flexible tube made of polymer materials. The proposed analytical model is built under the conditions that the tube does not become shorter and the stiffness of the tube does not change by the external force given by holding the tip of the actuator. But, the influence of pitch ratio of the tube on the generated force is expressed well.
Improved bending actuator
Structure of the actuator
It is difficult to bend the tube because the previous tube's thickness is too large, so we changed to the thinner tube in this section. In order to decrease the outer diameter of the actuator as large as human finger and investigate the best pattern and pitch for bending, we improved the bending actuator. Figure 14 and 15 show the construction of the improved bending actuator. The fundamental structure of the improved actuator is the same as the previous one. We investigated two types of the bending actuator using the new flexible tubes in order to improve the bending performance and miniaturization. Then, we produced two types of slit pattern on the new flexible tube.
(1) Material of the outer tube In case of the previous bending actuator, the tube of the actuator has a wall with large thickness. From Eq. (15) and Eq. (16), it is necessary to hold the value of EI in order to keep the performance of the actuator when the size of the actuator is changed. If the actuator is required to be thinned while keeping the same performance, the material of the outer tube with higher stiffness might be used. Therefore, we tried to use the PTFE tube instead of the previous polyurethane rubber tube. The PTFE tube has a merit that the friction is small. This means that the friction between the PTFE tube and the artificial muscle. In the improved actuator, we use two types of PTFE tube for the bending actuator. One is the tube with the inner diameter of 12mm and the outer diameter of 14mm, we call it "tube 1". The other is the tube with the inner diameter of 12mm and the outer diameter of 15mm, we call it "tube 2". The lengths of both tubes are the same as the previous one.
(2) Pattern of the tube
In the experiment, we tested actuators with two patterns to investigate the generated force and the bending angle of the actuator as a slender type actuator. Figure 14 and 15 show the patterns, which are pattern 1 and pattern 2, in the improved actuator, respectively. The pattern 1 means that the tube has a constant slit depth ratio of 40%, 60% or 80%. As the tube with pattern 2, the ratio of the slit depth on the top end of the tube is fixed at 80%, the slit depth ratio is gradually decreased so as to become 40% or 60% in the bottom end of the tube. In both types of improved actuators, the pitch ratio of the flexible tube is fixed at 57%.
The idea of pattern 2 comes from the observation that the bottom end of the actuator is bent largely when the relatively larger force is applied to the top end. Figure 16 shows the relation between input pressure and bending angle of improved actuator using tube 1. In Fig.16 , the symbol ♦, ■ and ▲ indicates the case using 80%, 60% and 40% slit depth ratio in the flexible tube of pattern 1, respectively. In the experiment, the actuator with various slits is pressurized from 0 to 500kPa. The symbols and show the experimental results using the slit depth ratio of 80% ~ 60% and from 80% ~ 40% in the tube of pattern 2.
Characteristics of the improved bending actuator
From Fig. 16 , it can be seen that the bending angle becomes higher as the slit depth ratio of the flexible tube becomes larger. In this experiment, the largest bending angle is 100 deg. as using tube of pattern 1. In case using pattern 2, the largest bending angle 104 deg. is obtained.
Bending angle（deg.) Then, we also investigated the bending angle of the improved bending actuator using tube 2. Figure 17 shows the relation between input pressure and bending angle of improved actuator. The symbols show the difference of the slit depth ratio in the tube of pattern 1 and pattern 2. We can see that the bending angle becomes higher as the slit depth ratio of the flexible tube becomes larger. In this case, the maximum bending angle is 102deg. using the tube of pattern 1 and the maximum bending angle is 105deg. in the case using the tube of pattern 2. We also investigated the generated force of the improved bending actuator using two types of tubes (tube 1 and tube 2). When the input pressure becomes higher, the buckling occurred in the case using tube 1 because of too small thickness of 1mm. Therefore, we investigated generated force using tube 2. Figure 18 shows the relation between input pressure and generated force of improved actuator using tube 2. In this experiment, the maximum generated force is about 19N. This is larger than the generated force of 17N using the previous tube with 57% pitch ratio. The generated force using new one is improved even if the shape of the bending actuator becomes slender. As a result, from both view points of the generated force and the bending angle, we conclude that the bending actuator using tube 2 with slit pattern 2 is useful to apply the human robot hand. 
Conclusions
This study can be summarized as follows. 1) We proposed and tested a bending actuator that could be easily constructed by putting the McKibben artificial muscle into the flexible tube. We also investigated the generated force and bending angle of the actuator. As a result, the maximum generated force is 23N and the maximum bending angle is 80deg. that were obtained by the experiment. The generated force was improved about 8.5 times compared with the soft gripper developed in the previous study. 2) We proposed the simple analytical model for the bending actuator and compared the calculated results with the experimental ones. As a result, the proposed model can predict well the bending angle. 3) In order to make the size of the actuator smaller and investigate the best pattern and pitch, we developed the improved bending actuator using tube 1 and tube 2 in pattern 1 and pattern 2. We investigated the generated force and bending angle of the improved bending actuator using tube 1 and tube 2 in both patterns. We confirmed that the improved bending actuator using tube 2 could generate the force as same as a human finger.
